We evaluated the effects of angiotensin-(1-7) (Ang-(1-7)) on postischemic function in isolated hearts from adult male Wistar rats perfused according to the Langendorff technique. Local ischemia was induced by coronary ligation for 15 min. After ischemia, hearts were reperfused for 30 min. Addition of angiotensin II (Ang II) (0.20 nM, N = 10) or Ang-(1-7) (0.22 nM, N = 10) to the Krebs-Ringer perfusion solution (KRS) before the occlusion did not modify diastolic or systolic tension, heart rate or coronary flow (basal values for Ang-(1-7)-treated hearts: 0.72 ± 0.08 g, 10.50 ± 0.66 g, 216 ± 9 bpm, 5.78 ± 0.60 ml/min, respectively). During the period of occlusion, the coronary flow, heart rate and systolic tension decreased (values for Ang-(1-7)-treated hearts: 2.83 ± 0.24 ml/min, 186 ± 7 bpm, 6.95 ± 0.45 g, respectively). During reperfusion a further decrease in systolic tension was observed in control (4.95 ± 0.60 g) and Ang II-treated hearts (4.35 ± 0.62 g). However, in isolated hearts perfused with KRS containing Ang-(1-7) the further reduction of systolic tension during the reperfusion period was prevented (7.37 ± 0.68 g). The effect of Ang-(1-7) on the systolic tension was blocked by the selective Ang-(1-7) antagonist A-779 (2 nM, N = 9), by the bradykinin B 2 antagonist HOE 140 (100 nM, N = 10), and by indomethacin pretreatment (5 mg/ kg, ip, N = 8). Pretreatment with L-NAME (30 mg/kg, ip, N = 8) did not change the effect of Ang-(1-7) on systolic tension (6.85 ± 0.61 g). These results show that Ang-(1-7) at low concentration (0.22 nM) improves myocardial function (systolic tension) in ischemia/reperfusion through a receptor-mediated mechanism involving release of bradykinin and prostaglandins.
Introduction
Components of the renin-angiotensin system (RAS) have been identified by molecular biology and biochemical techniques in many tissues, leading to the concept of tissue RAS (1-3) or more properly, local angiotensin-forming systems. Thus, the RAS is viewed now not only as an endocrine system but also as an autocrine/paracrine modulator of tissue functions (heart, blood vessels, kidney, brain and endocrine glands) (1, (3) (4) (5) (6) (7) . The major component of the RAS is the octapeptide angiotensin II (Ang II). In the heart, Ang II induces direct positive inotropic and chronotropic effects on the car-diac muscle, as well as the alteration of cardiac metabolism and vasoconstriction of coronary blood vessels (8) . Ang II receptors have been detected throughout the rat heart, with high density in cardiac nerves and lower levels associated with the atria, ventricles and vasculature (9) . Ang II receptors are upregulated following myocardial infarction and hypertrophy, but down-regulated in endstage heart failure (8, 10, 11) .
In addition to Ang II, other Ang I fragments are active (6, (12) (13) (14) (15) . Angiotensin-(1-7) (Ang-(1-7)) is now considered to be a RAS hormone (6, 14, 15) . It appears to counterbalance actions of Ang II, acting on the cardiovascular system, kidneys and central nervous system (6, (12) (13) (14) . Ang-(1-7) is involved in blood pressure regulation and presents antiproliferative and antithrombogenic effects (6, 12, 13) . We have shown that Ang I is metabolized in the rat coronary circulation (Langendorff preparation) to produce several biologically active angiotensins: Ang II, Ang III, Ang-(3-8) and Ang-(1-7) (16). Formation of Ang II and its carboxyl terminal fragments is partially dependent upon angiotensin-converting enzyme, while the formation of Ang-(1-7) is not modified significantly by angiotensin-converting enzyme inhibitors (16) . We have also demonstrated in hearts perfused with Krebs-Ringer solution (KRS) that Ang-(1-7) produced a concentration-dependent (27-210 nM) reduction in coronary flow (25% reduction at highest concentration), while only slight and variable changes in contraction force and heart rate were observed. Under the same conditions, Ang II (27 and 70 nM) produced a significant reduction in coronary flow (39 and 48%, respectively) associated with a significant increase in force (17) . In contrast, Almeida et al. (18) have shown that in isolated rat hearts Ang-(1-7) induced an increase in the vasodilator effect of bradykinin (BK) through a nitric oxide (NO) and prostaglandin release-related mechanism.
Recently, we have shown that at a low concentration Ang-(1-7) decreased the incidence and duration of ischemia/reperfusion arrhythmias in isolated rat hearts. These cardioprotective effects were blocked by the Ang-(1-7) antagonist A-779 (19) and by indomethacin pretreatment, but not by the BK-B 2 antagonist HOE 140 or by L-NAME pretreatment (20) . In the present study we extended this observation by examining the effects of Ang-(1-7) on the post-ischemic function of isolated rat hearts.
Material and Methods
Male Wistar rats (200-300 g body weight) were decapitated 10-15 min after intraperitoneal injection of 400 IU heparin. The thorax was opened and the heart was carefully dissected and perfused through a 1.0 ± 0.3 cm aortic stump with KRS containing 118.4 mM NaCl, 4.7 mM KCl, 1.2 KH 2 PO 4 , 1.2 mM MgSO 4 . 7 H 2 O, 2.5 mM CaCl 2 . 2 H 2 O, 11.7 mM glucose, and 26.5 mM NaHCO 3 . The perfusion fluid was maintained at 37 ± 1ºC, with a pressure of 65 mmHg and constant oxygenation (5% CO 2 and 95% O 2 ). A force transducer (model FT 03, Grass, West Warwick, RI, USA) was attached through a heart clip to the apex of the ventricles to record the contractile force (tension, g) on a computer using a data acquisition system (Codas, Dataq Instruments, Inc., Akron, OH, USA). A diastolic tension of 0.5 to 1.0 g was applied to the hearts. Electrical activity was recorded with an electrocardiograph (Nihon Kohden, Tokyo, Japan) with the aid of two cotton wicks placed directly on the surface of the right atrium and left ventricle (bipolar lead). Heart rate was calculated from the electrocardiographic records and coronary flow was measured by collecting the perfusate over a period of 1 min at regular intervals In order to evaluate the role of cyclooxygenase products in the effects of Ang-(1-7), rats received indomethacin (5 mg/kg, ip) plus heparin (400 IU, ip). After 1 h the rats were decapitated, the thorax was opened and the heart was dissected and perfused with KRS or KRS containing Ang-(1-7) (0.22 nM, N = 8). After the equilibration period, the left anterior descending coronary artery was ligated as described above. In another experimental group, we determined the role of NO in the effects of Ang-(1-7). Rats received L-NAME (30 mg/kg, ip) plus heparin (400 IU, ip, N = 8). The protocol was the same as that described above. All experimental protocols were performed in accordance with the guidelines for the humane use of laboratory animals of our institute and approved by local authorities.
Statistical analysis
Data are reported as mean ± SEM. Statistical analysis was performed by the Student t-test or by two-way ANOVA followed by the Bonferroni test. P<0.05 was considered to be significant. Figure 1 shows the changes in systolic and diastolic tension before, during and after occlusion. During the period of occlusion the systolic tension decreased significantly in all groups ( Figure 1A ). Similar alterations were observed for the dT/dt (Table 1) . Dur- ing reperfusion there was a further decrease in systolic tension and dT/dt in the control and Ang II-treated hearts. However, in the hearts perfused with KRS containing Ang-(1-7) the further decrease in systolic tension or dT/dt was not observed ( Figure 1A and Table 1 , respectively). As observed for systolic function, only in the hearts perfused with Ang-(1-7) was the velocity of relaxation (-dT/dt) preserved after reperfusion ( Table 1) . As shown in Figure 2A , the effect of Ang-(1-7) on systolic tension was significantly blocked by A-779 (2 nM, N = 9), by the BK-B 2 antagonist HOE 140 (100 nM, N = 10), and by indomethacin pretreatment (5 mg/kg, ip, N = 8). The increase in diastolic tension after the period of reperfusion was not changed by A-779 or HOE 140 treatment. A further increase in diastolic tension was observed in hearts pretreated with indomethacin and perfused with KRS containing Ang-(1-7) ( Figure 2B ).
Results
The participation of prostaglandin and NO in the effects induced by Ang-(1-7) was investigated by pretreatment with indomethacin or a NO synthase inhibitor. Figure 3 shows the changes in coronary flow in isolated hearts perfused with normal KRS or KRS containing Ang-(1-7) and the effect of pretreatment with indomethacin or L-NAME on the response of coronary flow to Ang-(1-7). Coronary flow did not change before the period of occlusion. Occlusion of the coronary artery resulted in a comparable flow reduction (approximately 50%), which was sustained throughout the ischemic period. In hearts taken from rats pretreated with L-NAME and perfused with KRS containing Ang-(1-7) a significantly decrease in coronary flow was observed during the reperfusion period. In contrast, in hearts from rats pretreated with indomethacin and perfused or not with Ang-(1-7) an increase in coronary flow was observed. The other treatments alone or in combination with Ang-(1-7) did not change coronary flow.
The heart rate of the control group (basal value, 216 ± 9 bpm) did not differ during basal, occlusion and reperfusion conditions from that of Ang-(1-7)-treated hearts (data not shown).
Discussion
The present study was carried out to examine the effect of Ang-(1-7) on the deleterious effects of ischemia and reperfusion on cardiac contractile function and heart rate in a model of 15-min occlusion/ischemia followed by 30-min reperfusion. Ang-(1-7) (0.22 nM) substantially improved myocardial function in ischemia/reperfusion, mainly by preventing the decrease in systolic tension usually observed after reperfusion, without changing heart rate. In addition, during reperfusion no further decrease was observed in +dT/dt or -dT/dt in isolated rat hearts perfused with Ang- (1-7) , indicating a beneficial effect of Ang-(1-7) on post-ischemic contractile function. The beneficial effect of Ang-(1-7) on systolic tension was blocked by the Ang-(1-7) antagonist A-779, the BK-B 2 antagonist HOE 140 and indomethacin, but not by L-NAME.
The effects of Ang-(1-7) on systolic tension and dT/dt were completely blocked by the Ang-(1-7) antagonist A-779. This finding is consistent with our observations on isolated hearts (18, 20) and other preparations (for a review, see Ref. 13) . These data suggest that, as observed in other organs, the effects of Ang-(1-7) on the rat heart are receptor-mediated, involving a single Ang-(1-7)-binding site which can be blocked by its analogue A-779 (D-Ala 7 -Ang-(1-7)) (13, 19) .
In isolated hearts perfused with KRS containing A-779 we observed a small decrease in systolic tension. However, this change was not statistically significant. The absence of a significant effect of A-779 is not unexpected, even assuming a role for endogenous Ang-(1-7) in this situation, if we consider the multifactorial characteristics of the mechanisms involved in the mechanical changes induced by ischemia/reperfusion (22) (23) (24) .
There are several mechanisms that might be responsible for the beneficial effects of Ang-(1-7) on systolic function during ischemia and subsequent reperfusion. We and others have shown that 1) Ang-(1-7) at relatively low concentration (2.2 nM) increased the BK-induced vasodilator responses through release of NO and vasodilator prostaglandins (18), 2) Ang-(1-7) present in the perfusion solution at 0.2 nM concentration reduced the incidence and duration of reperfusion arrhythmias (20), 3) Ang-(1-7) exerted some of its effects by releasing BK through a still unknown mechanism (13), and 4) Ang-(1-7) promoted the release of prostanoids and NO (13) . In a previous study concerning the protective effects of Ang-(1-7) on reperfusion arrhythmias we observed that HOE 140 had no effect on the antiarrhythmogenic effect of Ang-(1-7). This is in sharp contrast with the complete blockade of the effects of Ang-(1-7) on contractile function by HOE 140. However, as observed in our previous study, pretreatment with L-NAME did not block the effect of Ang-(1-7). These observations suggest that the beneficial effect of Ang-(1-7) on post-ischemic heart contractile function, but not on reperfusion arrhythmias, is mediated by a BKdependent, NO-independent mechanism. Indeed, Pabla and Curtis (25) showed that endogenous NO does not appear to facilitate early recovery from systolic and diastolic stunning as a result of any direct action on the myocardium. The role of NO in ischemia/reperfusion appears to be dependent on the time of ischemia (26) , being more significant with longer periods of coronary occlusion (>35 min). One may argue that L-NAME had no effect because it was washed out from the isolated heart. However, we have previously shown that, under the same conditions as used in the present study, L-NAME completely blocked the BK-potentiating activity of Ang-(1-7) (18). Taken together, our results suggest that the effects of Ang-(1-7) on systolic function were due to a receptor-mediated release and/or potentiation of BK with subsequent release of prostanoids (13) . This hypothesis is supported by the effective blockade of the effect of Ang-(1-7) by A-779 and indomethacin.
Isolated hearts obtained from indomethacin-treated rats did not show any significant change in pre-or post-ischemic myocardial mechanical function. However, in indomethacin-treated hearts Ang-(1-7) induced a marked increase in diastolic tension, illustrating the cardioprotective effect of prostaglandins on post-ischemic myocardial function probably mediated by E-type prostanoid 3 receptors (27) . Formation of toxic oxygen radicals, Ca 2+ loading, uncoupling of mitochondrial respiration and mechanical injury to the sarcolemma (22) (23) (24) are mechanisms proposed to account for reperfusion-induced cell dysfunction. Further studies are required to clarify which of these mechanisms are involved in this deleterious effect of Ang-(1-7) in the presence of prostaglandin synthesis blockade.
Myocardial ischemia is associated with an altered formation and release of arachidonic acid and its metabolites (27) . Thromboxane A 2 is a potent coronary vasoconstrictor (28) and contributes to the genesis of arrhythmias (29) and cyclical reductions in coronary blood flow (30) in the ischemic myocardium. Hydroxyeicosatetraenoic acid and thromboxane A 2 appear to contribute to the no-reflow phenomenon after reperfusion of previously ischemic myocardium (31) . On the other hand, Zi et al. (28) found that thromboxane A 2 has a specific coronary vasospastic action without a direct inotropic effect. Furthermore, the effects of the hydroperoxides are blocked by indomethacin (32) . These observations are consistent with our observation that indomethacin pretreatment increased the coronary flow in isolated rat hearts perfused with normal KRS or KRS containing Ang-(1-7).
Whether release of vasoconstrictor prostaglandins and predominance of its effects are involved in the reduction of coronary flow by Ang-(1-7) in isolated hearts taken from L-NAME-treated rats remains to be determined. Release of vasoconstrictor prostaglandins by Ang-(1-7) in the rat coronary circulation has been suggested, although higher concentrations of this peptide were used (17) .
Ang II at a concentration similar to that used for Ang-(1-7) (0.20 nM) did not change the basal or post-ischemic inotropism or heart rate. Contrasting results have been published about the inotropic effect of Ang II, including data on the rat (33) (34) (35) (36) (37) (38) (39) . Ang II induces a positive inotropic response in most species, which is not fully mediated by the ß-adrenergic system (33) (34) (35) . In the rat Ang II had either no effect or a negative inotropic effect (36, 37, 39) . Traquandi and Riva (37) found that Ang II induced a dose-dependent negative inotropic response in isolated rat hearts. Yoshiyama et al. (39) reported that exogenous Ang II applied to isolated rat hearts before ischemia had deleterious effects on coronary flow, post-ischemic cardiac function and release of creatine kinase. However, Ford et al. (38) recently reported that Ang II reduces infarct size in a concentration-dependent manner and has no effect on contractile stunning associated with ischemia/reperfusion in isolated rat hearts. Further studies are needed to understand the effects of Ang II on the ischemia/reperfusion model. In addition to reducing the incidence and duration of cardiac arrhythmias, Ang-(1-7) ameliorates the post-ischemic contractile function by a mechanism apparently involving a receptor-mediated release of BK and prostaglandins. This effect may be relevant to explain why cardiac function improves in heart failure after blockade of the RAS in hypertensive patients (40) .
